A coupled cellular automaton-finite difference (CA-FD) model is used to simulate the detailed dendritic structure evolution of the columnar-to-equiaxed transition (CET) for Al-Cu alloys during solidification. The effects of material properties (nucleation undercooling, density of nuclei in bulk liquid and alloy solidification range) on the CET are investigated. Simulated results reveal that:
Introduction
In castings, there are two distinct grain structures, columnar and equiaxed, which are mainly determined by material properties and solidification conditions. In direct-chill and die castings, columnar grains form near the mould surface and grow perpendicular to the isotherms, and then transform to equiaxed grains in the lower thermal gradient area near the centre of the casting. To obtain an equiaxed grain structure, inoculation of the melt with heterogeneous nuclei is widely used to promote the columnar-to-equiaxed transition (CET). Conversely, in directionally solidified or single crystal components, columnar grains are desirable, with equiaxed grains being treated as casting defects because high angle boundaries must be avoided. As a demand, high thermal gradients and low growth rates are imposed to inhibit the CET. To control the solidification structures, a better understanding on the CET is required.
CET has been studied for many years via experimental and theoretical methods. The first analytic CET model was developed by Hunt and Flood [1] [2] [3] using a mechanical blocking criterion. Their model was extended to rapid solidification conditions by Gaumann, Trivedi and Kurz [4] [5] to predict the CET during welding. Recently, microstructural models (such as cellular automaton [6] [7] [8] and phase-field [9] ) have been applied to investigate the effect of solidification conditions on the CET. The microstructural modeling allows individual grains to be visualized. Predicted CET for Al-Cu alloys from prior studies are summarized in Fig. 1 . The figure illustrates the relationship between the processing conditions (thermal gradient and growth velocity) and solidification structure (columnar and equiaxed grains), and a reasonable agreement is obtained for the transition among different models. However, the effect of material properties on the CET has not been systematically studied using microstructural modeling.
In this study, a coupled cellular automaton-finite difference (CA-FD) microstructural model is used to simulate the detailed dendritic structure evolution and to investigate the effect of material properties (critical nucleation undercooling, density of nuclei in bulk liquid and alloy solidification range) on the CET. Figure 1 Predicted columnar-to-equiaxed transition lines from prior models. The solid curves are the CET lines calculated using the Hunt model for Al-1.5wt%Cu, Al-3wt%Cu and Al-6wt%Cu alloys [1] . The dashed curves are the CET lines using the GTK model [4] and Dong and Lee's predictions [8] for Al-3wt%Cu alloy.
Model Description
The CA-FD model is an extension of the cellular automaton technique to include solute diffusion through combination with a finite difference solver. A detailed description of the model formulation has been presented previously [10] . Therefore only the key assumptions together with the grain nucleation and growth model are summarized below.
In this model, both the CA and FD components run on the same regular spatial square grid and with the same time step. Each spatial cell represents a small amount of material, and can have three different states: liquid, solid and growing (i.e. a mixture of solid and liquid). The model begins with all cells in a liquid state, which may transform to a growing state by either nucleation or growth from its neighbouring cells. Solute is partitioned between liquid and solid phases in the interface of a growing cell. At each time step, the solute diffusion through the liquid and solid will be calculated which will affect the level of undercooling due to the change of local liquidus temperature, and then in turn affect the nucleation and growth processes.
Two types of nucleation are used in the model: pre-fixed nucleation at specific sites and stochastic nucleation in bulk liquid. Pre-fixed nucleation is used to simulate the nucleation at the bottom of the domain (mould surface). In simulation, nuclei are placed at the bottom of the domain prior to the calculation, with one of their <100> crystallographic orientations aligned with the vertical temperature gradient. In bulk liquid, stochastic nucleation is incorporated to set up nuclei randomly with specific threshold undercooling, representing the statistical nature of the process. A continuous Gaussian nucleation distribution is used to relate the total number of nuclei in the bulk liquid with undercooling [11] ,
Where n(∆T) is the total number of nuclei in the bulk liquid at the undercooling ∆T , ∆T N is the mean nucleation undercooling; ∆T σ is the standard deviation of the distribution and N MAX is the maximum nuclei density.
Nucleation will occur in a cell only if the cell has a randomly distributed nucleus and the undercooling in the cell is larger than the nucleation undercooling (∆T N ). After nucleation, the state
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Theory, Modeling and Numerical Simulation index of the cell is changed to "growing" state with a random crystallographic orientationθ. Growth of the nucleated grains is controlled by solute diffusion and a modified, decentred-square growth technique [10] . Simulations presented in this paper correspond to Al-Cu alloys, and were performed on a regular square grid with a cell edge length of 5 µm. Periodical boundary condition was applied to the left and right sides of the domain. The time step used was 1 ms. Material properties and processing parameters used in the model are listed in Table 1 and the phase diagram data is generated from MTDATA [12] . 
Results and Discussion
In this section, the influence of the nucleation criteria including critical nucleation undercooling and the density of the nuclei in bulk liquid on the CET is presented first. Then the effect of alloy solidification range on the CET is reported. Effect of critical nucleation undercooling. The representative contour maps of simulated solute concentration with different critical nucleation undercoolings for an alloy Al-3wt%Cu after 18s growth are shown in Fig. 2 . The domain size is 3mm wide by 4mm high, giving a total number of 600×800 cells. Temperature gradient (G) of 3.0 K/mm was imposed to move from the bottom to the top with a pulling velocity (V) using the relation: V=100+20×t (µm/s) to simulate the thermal profile of directional solidification in experiments.
To simulate the chill effect near the mould wall, more than enough seeds were prefixed at the bottom of the simulation domain before simulation. A thin layer of fine grains grew from prefixed seeds and only a few long columnar grains succeed in growing due to the competitive nature of the growth. Primary columnar dendrites grew from the bottom and secondary branches began to develop from primary arms when the space became wide in the groove. With the increase of pulling velocity, equiaxed grains formed first in the groove between the primary columnar dendrites where the undercooling is higher than the existing columnar dendrites around it and hence favours the nucleation of stray grains. The competitive growth occurred between the formed equiaxed grains and columnar dendrites. If large critical nucleation undercooling (8K) is used, see Fig. 2(f) , the solidification structures are constituted of columnar grains and no equiaxed grains occur; when a smaller undercooling (7K) is applied, see Fig. 2 (e) , the nucleated equiaxed grains can be overgrown by the columnar dendrites and act as small "islands" in the final columnar dendritic region. If the nucleation undercooling is reduced to less than 6K, equiaxed grains are formed in front of the columnar dendrite tips with random orientations and finally block the columnar growth, leading to the CET, see Figs. 2(a-d) . Fig. 2 illustrates the influence of critical mean nucleation undercooling (∆T N ) on the CET. In Figs.  2(a) and (b) , small mean undercoolings are used to simulate the inoculation effect in casting (by adding effective inoculant particles into melt before casting). Equiaxed grains are formed immediately from a thin layer of fine columnar grains near the surface. A reduction in grain size is also observed with the decrease of critical undercooling from Figs. 2(d) to Fig. 2(a) . This agrees with prior analytical prediction [13] that inoculant particles become active at an undercooling inversely proportional to the particle diameter. In Figs. 2(c) and 2(d), the mean nucleation unsercoolings are set to 5K and 6K. The microstructure evolution of the CET is illustrated clearly and CET occurs at a later stage with a higher growth velocity (V=100+20×t (µm/s)) when the critical nucleation undercooling increases. CET can be seen in Fig. 2(e) with a mean undercooling of 7K. It happens at a very late stage with a high pulling velocity until the undercooling reaches the critical limitation. In Fig. 2(f) , an arbitrary high mean undercooling of 8K is used to simulate solidification with difficulty in heterogeneous nucleation. In this case, no equiaxed grains can be formed within the range of velocities tested.
wt.% Cu 0 8 1mm 1mm Effect of nuclei density. Different densities of nuclei in bulk liquid are used in this section to investigate the effect of nuclei density on the CET (see Fig. 3 ). Density of nuclei in bulk liquid changes from 6.5×10 10 (number of nuclei/m 3 ) ( Fig. 3 (a) ) to 6.5×10 14 (number of nuclei/m 3 ) ( Fig. 3  (e) ). Simulations illustrate that the CET is promoted at a lower growth velocity and higher thermal gradient for the melt with a high density of nuclei. With the increase in maximum nuclei density in bulk liquid, more equiaxed grains are nucleated when the critical undercooling is reached and in turn leads to a finer grain size in casting. This is compatible with experimental observation that inoculation of the melt with heterogeneous nuclei promotes the CET [13] . Simulated grains are indicated by using different symbols and the approximate CET lines separating the equiaxed and columnar regions are plotted as well. Simulated results reveal that extending the solidification range leads to an increased tendency to the CET. The reason is that for Solid State Phenomena Vol. 139 alloy with higher solute concentration, more solute will be ejected and accumulated in the solid/liquid interface (when k<1) and in turn increase both the magnitude and the area of the constitutional undercooling ahead of the columnar front, and hence promote the CET. The simulated results match well with prior experimental observations on the CET for Al-2wt%Cu and Al-4wt%Cu [14] .
Conclusions
Solidification structure with detailed dendritic features is simulated using the CA-FD model and the effect of material properties on the columnar-to-equiaxed transition (CET) is predicted. Simulated results reveal that the CET can be promoted by either decreasing the critical nucleation undercooling or increasing the nuclei density of the melt. Simulations also illustrate that extending the solidification range promotes the CET.
